This paper describes patterns of allozyme variation in the butterfly, Maniola jurtina (L.). Twelve loci, of which four were polymorphic (PGM, PGI, IDH-1 and IDH-2), were screened across 14 populations in south-east England. The patterns described are not in agreement with expectation for a sedentary butterfly in which alleles are neutral to selection, for geographically distant populations differed very little in gene frequencies. Geographic homogeneity is compatible with either a higher degree of vagility than expected for this species or similar selection pressures maintaining allele frequencies across the area sampled. Associations between patterns of variation at two loci and behavioural, morphological and environmental variables suggested that selection may be acting upon them. In particular, the genotype at the locus for PGM affected the length of time for which individual butterflies could fly continuously, while PGM allozyme frequencies varied according to the altitude of the site. The frequency of allozymes at IDH-2 was correlated with the mean size of individuals in both sexes when comparing sites. Possible causes of these associations are discussed. I conclude that patterns of variation in the loci studied are probably not good estimators of population structuring, but are more likely to be the result of selection.
Introduction
The meadow brown butterfly, M. jurtina (Lepidoptera: Satyrinae) (L.), the subject of numerous papers spanning 30 years by E. B. Ford, W. H. Dowdeswell and others (summarized in Dowdeswell, 1981) , and more recently by P. Brakefield (Brakefield, 1984; Brakefield & Noordwijk, 1985) , provides one of the cornerstones of early research in population genetics. Most of this work has concentrated on the genetics and spatial and temporal variation of black spotting on the hind wing. The species is ubiquitous and abundant in grassland and scrub habitats throughout the western palearctic, and is considered to be relatively sedentary (Pollard, 1981) .
This study describes patterns of allozyme variation in M. jurtina within and among sample sites in southeast England, and attempts to evaluate whether the observed patterns are best explained by neutrality or selection at the loci concerned. The use of both allozyme and morphological variation enables information inferred from one source to be cross-checked against the other. To quote Singh & Long (1992) ' The use of both molecules and morphology allows us to understand the causes of geographic variation in more detail than by studying either of them in isolation. Yet it is remarkable how few (such) species ....have been done during the past 25 years'. Despite the lack of any clear consensus as to the relative importance of selection and stochastic processes in controlling allozyme frequencies (Math, 1984) , electrophoretic data are often used to infer information on population structure (e.g. Grant & Little, 1992; Bilton, 1992) with the implicit assumption that selection pressures on the loci used are weak or absent.
An assessment of population structure in M. jurtina using allozyme variation is compared with that expected for a sedentary species. I also examine evidence for selection influencing allozyme frequencies by testing for associations with butterfly morphology, physiology and altitude at which they were sampled. These variables were chosen on the basis of associations with electrophoretic data in other studies of Lepidoptera (see discussion). Abdomens were individually homogenized in numbered centrifuge tubes with 0.3 ml of extraction buffer (Pasteur etal., 1988) . Proteins were separated using horizontal starch gel electrophoresis following the method described by Pasteur et at. (1988) . A variety of gel and electrode buffer systems were used and 16 enzymes screened.
The two most suitable buffer systems proved to be continuous Tris-citrate at pH 8 (Ahmad et at., 1977) and discontinuous citrate histidine at pH 7 (Shaw & Prasad, 1970) . Gels were run at 60 mA for 4.5 h. Enzyme staining protocols are given in Pasteur et at. (1988) . Twelve enzymes were clearly resolved, of which four proved to be polymorphic: phosphoglucose Other variables screened
Flying ability. To test whether flying ability varied according to genotype at the four loci under study, 34 male butterflies from site 1 were captured and stored in the dark. They were then removed individually, placed in a brightly lit flight cage 1 m3 at 29°C and stimulated into flight with a gentle tap. As soon as they settled they were stimulated again. Eventually this failed to provoke further flight. The total time from initial stimulation to this point was recorded.
Morphology. The sex, the length of the forewing from base to apex and the number of hindwing spots were recorded for all butterflies sampled.
Altitide. The altitude of study sites was obtained from Ordnance Survey maps.
Statistical analyses
Agreement with Hardy-Weinberg proportions was tested using both F-statistics and a x2 test for goodness of fit with Levene's (1949) correction for small samples. As the x2 test is likely to be unreliable when expected values are low (Sokal & Rohlf, 1981) , the x2 test was repeated with the genotypes pooled into the three classes (i) homozygotes for the most common allele; (ii) heterozygotes for the most common allele;
and (iii) other genotypes. Departures from
Hardy-Weinberg were only considered significant if both x2 tests were significant.
Statistical significance was adjusted throughout to account for the increase in type I errors expected when carrying out multiple tests, using Cooper's (1968) modification where the critical probability for rejection of the null hypothesis is a/n, and where n is the number of loci tested.
Heterozygosities were calculated from the expected number of heterozygotes in each sample assuming
Hardy-Weinberg equilibrium.
F15, (inbreeding in the individual relative to the sample), F5,. (the standardized variance of allele frequencies among samples), and F,, (inbreeding in the individual relative to the whole population), were calculated for 15 alleles at the four polymorphic loci (Nei, 1977; Wright, 1978) . Null hypothesis (F,5=0, F,, =0 and F5, =0) were tested using: x2=NF; tHF14I;
where N total number of individuals (565).
The island model of migration was used to estimate the number of individuals dispersing between sites (m) according to = 1/(1 + 4m) (adapted from Wright, 1951) .
Genetic distances between samples were calculated using Nei's (1978) unbiased distance (Wright, 1978, provides an excellent discussion of these and other measures). Wright's modification of Rogers' (1972) distance, and Nei's (1972) distance were also calculated and gave similar results.
Results
Gel banding patterns were in accordance with the dimeric nature of enzymes PGI and IDH, in which heterozygotes exhibited clear hybrid bands equidistant between the bands for each allele. PGM is a monomer and displayed no hybrid bands in heterozygotes. Average heterozygosities for all polymorphic loci ranged from 0.148 to 0.280, with a mean of 0.2 18.
The frequency of the most common allozymes of PGM, PGI, IDH-1, and IDH-2 at each site, and sample sizes are shown in Table 1 . Interpretation of the data as allelic frequencies is further supported by a goodness of fit test for deviation from Hardy-Weinberg expectations (combining classes where expected values were less than five). Of the 56 sample/locus combinations only one departed significantly from expectation. In sample 6 at the locus for PGI there was a lack of heterozygotes (unpooled x2 = 28.49, d.f. = 10, P = 0.002, F = 0.223).
F statistics for 14 alleles (Table 2 ) describe a high degree of geographic uniformity and suggest random mating between individuals both within and between samples. Values of F, vary from -0.061 to 0.035 This result appears to contradict the finding that PGM allozyme frequencies do not differ between sites. From Table lit can be seen that frequencies of PGM'°°a re similar at all sites, varying from 0.717 at site 14 to 0.9 14 at site 10. Although these differences are not significant, when ordinated according to altitude the relationship is significant. II. The ability to sustain continuous flight at 29°C is significantly higher in individuals homozygous for PGM'°° (t-test, P=0.002). The mean length of flight for individuals homozygous for PGM'°° is 10.47 s (n= 17), and for other genotypes combined is 2.21 s (six individuals of genotype PGM'°°-PGM85, and one of PGM'°°-PGM75).
Isocitrate dehydrogenase I and phosphoglucose isomerase. These loci were not significantly correlated with any morphological, behavioural or site variable measured.
Sex and hindwing spot number are not associated with genotype at any of the loci studied.
Discussion
If dispersal is low, and allele frequencies neutral to selection, then founder effects and genetic drift should result in genetic divergence between sample sites which is proportional to the degree of isolation (Sokal & Wartenberg, 1983) . Even allowing for the undoubted existence of stepping stone populations between the more distant populations in this study, the remarkable genetic uniformity between and within all samples is not consistent with expectations for a sedentary species. Estimates of dispersal between samples based on the mean value of F1 suggest that sample sites are subject to a constant influx of immigrants. Comparison with mean F5 values from other studies on Lepidoptera and a small selection of other organisms (Table 4) suggests that M. jurtina is highly vague; its value of (0.015) is close to that for the known migrant, Pieris rapae (F1 = 0.014), and is far lower than that of known sedentary species such as Euphydryas editha (F1=0.l18). This estimate assumes that patterns of allele frequency are not subject to selection: if they are, then estimates of population structuring will be wrong.
Selection may maintain similar gene frequencies in isolated populations provided that the selection pressures are the same at all sites. Two of the four loci studied are significantly associated with other variables measured. Such associations may be attributed to 'hitchhiking' via close linkage to other loci (Thomson, 1977) , but linkage disequilibrium between a neutral and selected locus is transitory (Clegg, et a!., 1980; Asmussen & Clegg, 1981; Watt, 1977; Eanes & Koehn, 1978; Hughes & Zaluki, 1984; Watt etal., 1986 of Lepidoptera, for example Lederhouse (1981) and Jones et a!. (1982) , the relationship between IDH-2 and size is likely to result in powerful selection pressures on this loci.
Variation in phosphog/ucose mutase
The frequency of PGM'°° declined with altitude of the site. Examination of data published by Masetti & Scali (1976 ) reveals a similar trend in five populations of M. jurtina from Italy, for two mountain populations possessed lower frequencies of the most common allele than populations sampled near sea level. Similarly, data presented by Bullini et at. (1975) describe a decline in frequency of the most common allele with decreasing latitude in samples from Switzerland and Italy. However, it is unknown whether the most common allele is the same in each case.
Variation in the ability of butterflies to maintain flight at 29°C provides a possible explanation for this observation, for individuals homozygous for PGM'°°c ould maintain flight for far longer than individuals of other genotypes tested. Why then do alleles other than PGM'°° persist at this locus? Presumably at some time during the life cycle, or at temperatures other than 29°C selection is reversed. The increase in frequency of rare alleles in samples taken at higher altitudes suggests temperature may be the variable which balances selection. During cool conditions heterozygotes may be more able to fly than individuals homozygous for PGM • Clearly further research is needed to establish whether this is so.
Associations between altitude, weather and flight activity have been recorded with regard to PGI allozyme frequencies in Colias sp. (Watt, 1983; Watt et at., 1983 Watt et at., , 1985 , and PGM and PGI frequencies in Danaus plexippus (Carter et a!., 1989) . Hovanitz (1948) found that the different wing colour morphs of Colias sp. are active at different air temperatures, so that samples of active individuals from the same site varied in morph frequency according to the weather. lithe fitness of different morphs varies according to the weather then short-term temporal heterogeneity of weather conditions could maintain polymorphisms, with fluctuations in morph frequencies from year to year depending upon the weather conditions during the flight period.
In conclusion, the low obtained for M. jurtina is probably not indicative of a high dispersal rate, but is more likely the result of selection acting upon at least some of the polymorphic loci studied.
